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Abstract
We study the decay of the neutral B meson to K∗γ γ within the framework of the Standard Model, including long distance
contributions.
 2003 Elsevier B.V.
1. Introduction
Of late the rare decays of the B mesons have been recognized as important tools to study the basic structure
and validity of the Standard Model (SM) and its extensions. In particular, the radiative decays, owing to their
relative cleanliness as far as experimental signatures are concerned, have attracted a great deal of attention. For
a general overview of the kind of issues considered relating to radiative decay modes, see [1–3] and references
therein. The decays B → Xsγ and B → K∗γ have been observed [2] and both these are extensively used and
relied upon for constraining the parameters of any new theory or extension of the SM [3]. The decay B→K∗γ γ
is another potential testing ground for the effective quark level Hamiltonian b→ sγ γ first studied by Lin et al. [4]
and pursued further in Refs. [5–7]. This amplitude has been the focus of considerable research recently, not only
for the useful indications it will give to the underlying theories of flavour changing neutral currents, or the possible
contributions from loops with supersymmetric partner particles, but for the impending experimental studies of the
B-factories in the near future.
As has been previously noted, the b → sγ γ amplitude naturally splits into two categories: an irreducible
contribution which is well known and usually estimated through basic triangle graphs, and a reducible one, where
the second photon is attached to the external quark lines of the b→ sγ amplitude. At the quark level the reducible
contribution presents no real problems, however, when we consider an exclusive channel, such as B→Mγγ for a
specific meson M , it becomes more appropriate to consider the second photon as arising from the external hadron
legs of the amplitude B →Mγ . In contrast to the earlier cases of B → K(π)γ γ [7] where the amplitude for a
single real photon vanishes identically, resulting in the irreducible diagram to be the sole contributor, the amplitude
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K∗, and thus in this case also, it is the irreducible amplitude that stands out, though for a completely different
reason. Of course we must also consider the usual long distance contributions, such as the process B → K∗ηc
followed by the decay ηc → γ γ . Note that for completeness we will also include the η contribution, even though
the η coupling to c¯c will be small. The rate for B→Kη′ is anomalously high and many possible mechanisms have
been proposed that aim at taking this anomalous production into account [8]. However, in the present case there
is not enough data corresponding to the B →K∗η′ channel, and at present only an upper limit on this branching
ratio is available. We therefore tend to remain conservative in the present Letter regarding this issue and assume
that the η′ contribution can be obtained similar to the ηc contribution. The situation is expected to improve with
the availability of more and precise data in this direction. We therefore include an η′ contribution along the lines
of the ηc contribution.
In this Letter we will estimate the branching ratio for the process B0 → K∗0γ γ by considering the effects
of the irreducible triangle diagram contributions in the next section, followed by the resonance contributions in
Section 3. Note that in the case of B→K∗γ γ there will only be three sizeable resonance contributions; ηc, η and
η′. Furthermore, each of these contributions will only contribute a narrow peak in the γ γ invariant mass spectrum,
which is easily separated experimentally. As such the interference terms for each of these pairs of terms will not be
considered here. Finally in Section 4 we will present our results and analysis.
2. The irreducible contributions
The irreducible triangle contributions to the process in which we are interested (B→K∗γ γ ) originate from the
quark level process b→ sγ γ . The effective Hamiltonian for this process is [4]
(1)Heff =−GF√
2
V ∗t sVtb
∑
i
Ci(µ)Oi(µ),
with
O1 = (s¯icj )V−A(c¯j bi)V−A, O2 = (s¯ici)V−A(c¯j bj )V−A, O3 = (s¯ibi)V−A
∑
q
(q¯jqj )V−A,
O4 = (s¯ibj )V−A
∑
q
(q¯j qi)V−A, O5 = (s¯ibi)V−A
∑
q
(q¯jqj )V+A, O6 = (s¯ibj )V−A
∑
q
(q¯j qi)V+A,
(2)O7 = e16π2 s¯iσ
µν(msPL +mbPR)biFµν, and O8 = g16π2 s¯iσ
µν(msPL +mbPR)T aij bjGaµν.
The invariant amplitude corresponding to this effective Hamiltonian is
Mb→s =
[
16
√
2αGF
9π
V ∗t sVtb
]
u¯(ps)
(3)
×
{∑
q
AqJ
(
m2q
)
γ ρPLRµνρ + iB
(
msK
(
m2s
)
PL +mbK
(
m2b
)
PR
)
Tµν
+C(−msL(m2s )PL +mbL(m2b)PR))µναβkα1 kβ2
}
u(pb))
µ(k1))
ν(k2),
where
Rµνρ = k1ν)µρσλkσ1 kλ2 − k2µ)νρσλkσ1 kλ2 + (k1.k2))µνρσ (k2 − k1)σ ,
Tµν = k2µk1ν − (k1.k2)gµν,
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(4)Ac = 3(C1 +C3 −C5)+ (C2 +C4 −C6), As =Ab = 14Ac,
and
(5)B = C =−1
4
(3C6 +C5).
In the above expressions we introduced the functions
J
(
m2
)= I11(m2), K(m2)= 4I11(m2)− I00(m2), L(m2)= I00(m2),
where
(6)Ipq
(
m2
)=
1∫
0
dx
1−x∫
0
dy
xpyq
m2 − 2(k1.k2)xy − i) .
Note that to get theM(B →K∗γ γ ) invariant amplitude from the quark level amplitude we replace the 〈s|Γ |b〉
by 〈K∗|Γ |B〉 for any Dirac bilinear Γ .
With q = pB −pK∗ = k1 + k2 and following Cheng et al. [9], we parameterize the hadronic matrix elements as
(7)〈K∗(pK∗)∣∣s¯γµb∣∣B(pB)〉=
(
2V (q2)
mB +mK∗
)
)µναβ)
∗ν(pK∗)pαBp
β
K∗,
(8)
〈
K∗(pK∗)
∣∣s¯γµγ5b∣∣B(pB)〉= i
[
(mB +mK∗))∗µ(pK∗)A1
(
q2
)− )∗.pB
mB +mK∗ (pB + pK
∗)µA2
(
q2
)
− 2mK∗
q2
()∗.pB)qµ
{
A3
(
q2
)−A0(q2)}
]
.
For the functional dependence of various form factors appearing above, we follow [10]. Using these definitions,
we determine the irreducible matrix element for the process B→K∗γ γ as
(9)Mirr =
(
16
√
2αGF
9π
)
)µ(k1))
ν(k2)
[M(1)µν +M(2)µν +M(3)µν ],
where
M(1)µν =Rµνρ
[
KA1)
ραβγ )∗K∗αpBβpK∗γ −KA2)∗ρK∗ +KA3()∗K∗ .pB)(pB + pK∗)ρ +KA4()∗K∗ .pB)qρ
]
,
(10)M(2)µν =KB
(
k1µk2ν − (k1.k2)gµν
)
()∗K∗ .pB), M(3)µν =KC)µναβkα1 kβ2 ()∗K∗ .pB),
The functions Ki above are defined as
KA1 =
[∑
q
AqJ
(
m2q
)] V (q2)
mB +mK∗ , KA2 =
[∑
q
AqJ
(
m2q
)] i
2
(mB +mK∗)A1
(
q2
)
,
KA3 =
[∑
q
AqJ
(
m2q
)] i
2
A1(q
2)
mB +mK∗ , KA4 =
[∑
q
AqJ
(
m2q
)] im2K∗
q2
(
A3
(
q2
)−A0(q2)),
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KB =− BmK∗
mB +mK∗A0
(
q2
)[
msK
(
m2s
)−mbK(m2b)],
KC =− iCmK∗
mB +mK∗A0
(
q2
)[
msL
(
m2s
)+mbL(m2b)].
3. Resonance contributions
For this process there will be three significant resonance contributions, that from the ηc-, η- and η′-resonances.
The ηc contribution to the decay process comes via the t-channel decay B→K∗ηc , with the ηc then decaying into
two photons.
The T -matrix element for this process can be written as
(11)〈K∗γ γ |T |B〉 = −〈K
∗ηc|T |B〉〈γ γ |T |ηc〉
q2 −m2ηc + imηcΓ ηctotal
.
The amplitude 〈γ γ |T |ηc〉 is parameterized as [6]
(12)〈γ γ |T |ηc〉 = 2iBηc)µναβ)∗µ(k1))∗ν (k2)k1αk2β.
Note that we can determine Bηc from the known decay rate:
(13)Γ (ηc → γ γ )= 12
1
2mηc
∫
d3k1
(2π)32k01
d3k2
(2π)32k02
(2π)2δ(4)(kηc − k1 − k2)
∣∣〈γ γ |T |ηc〉∣∣2,
where we have
(14)
∑
spins
∣∣〈γ γ |T |ηc〉∣∣2 = 2|Bηc |2q4,
and so
(15)Γ (ηc → γ γ )=
|Bηc |2m3ηc
16π
.
The B→K∗ηc amplitude has been determined in Cheng et al. [9] as
(16)M(B→K∗ηc)= GF√
2
VcbV
∗
cs
(
C1 + 13C2
)
X
(B0K∗0,ηc)
C ,
where
(17)X(B0K∗0,ηc)C = 2fηcmK∗ABK
∗
0
(
m2ηc
)
()∗K∗ .pB).
Note that fηc is defined as 〈0|c¯γµc|ηc〉 = ifηcpµ(ηc).
Therefore the total contribution due to the ηc resonances is thus,
(18)Mηc =
4iGF√
2
VcbV
∗
cs
(
C1 + 13C2
)
fηcmK∗Bηc
()
µ
K∗ .pB)A
BK∗
0 (m
2
ηc
)
q2 −m2ηc + imηcΓ ηctotal
)µναβ)∗1µ)∗2νk1αk2β.
Analogous to the ηc resonance, the η- and η′-resonances will also contribute to the decay amplitude because
of its coupling to the cc¯ channel. These contributions,Mη andMη′ , have exactly the same form as equation (18)
with the parameters Bηc , fηc , F0(m2ηc ), mηc and Γ
ηc
total being replaced by their η- and η′-counterparts, respectively.
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The process can also receive additional contribution from the B∗ and K∗2 channels where the B-meson decays
into a photon and an on-shell K∗2 or slightly off-shell B∗ and then these giving rise to K∗ and the second
photon. However, there is no data available at present for either of these and if the widths for the individual
channels contributing to the process are significant, the contribution can be sizeable. However, we expect that these
contributions can be eliminated by suitable cuts in the B∗ (or K∗2 ) photon plane and thus we do not consider them
here at all.
4. Results
The squared amplitude for the process B→K∗γ γ is then
(19)|Mtot|2 = |Mirr|2 + |Mηc |2 + |Mη|2 + |Mη′ |2,
where the interference terms have not been included here. The components to the squared amplitude were
calculated to be
(20)
∑
spins
|Mηc |2 = |R|2λ
(
sγ γ ,m
2
B,m
2
K∗
) q4
8m2K∗
,
where
R = GF√
2
VcbV
∗
cs
(
C1 + 13C2
)[4ifηcmK∗BηcABK∗0 (m2ηc )
q2 −m2ηc + imηcΓ ηctot
]
, and
(21)λ(sγ γ ,m2B,m2K∗)= 4((pB.pK∗)2 −m2K∗m2B).
We have similar expressions for the η and η′ terms, replacing the parameters Bηc , fηc , F0(m2ηc ), mηc and Γ
ηc
total by
their η and η′ counterparts.
The irreducible squared matrix element is then
∑
spins
|Mirr|2 =
[
16
√
2αGF
9π
VtbV
∗
t s
]2
q4
2m2K∗
(
(pB.pK∗)2 −m2K∗m2B
)
(22)×


|KA2|2 + |K ′A3|2 + |K ′A4|2 + |KB |2 + |KC |2
+2 Re(KA5)+ 2 Re(K ′A3K∗′A4)
−2 Re(KA2K∗′A3)− 2 Re(KA2K∗′A4)

 ,
where
(23)K ′A3 =KA3
(
m2B −m2K∗
)
, K ′A4 =KA4q2, K∗A5 =K∗C
[∑
q
AqJ
(
m2q
)]
imK∗A0
(
q2
)
.
The total decay rate is then given by
(24)dΓ
d(cosθ)d
√
sγ γ
=√sγ γ
(
1
512mBπ3
)[(
1− sγ γ
m2B
+ m
2
K∗
m2B
)2
− 4m
2
K∗
m2B
]1/2 ∑
spins
|M|2,
where √sγ γ is the C.M. energy of the two photons while θ is the angle which the decaying B meson makes with
the two photons in the γ γ C.M. frame.
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into consideration. Here we have plotted with a log scale on the y-axis.
Fig. 2. The branching ratio of B → K∗γ γ plotted as a function of the C.M. energy of the diphoton rest frame with interference terms taken
into consideration. Again, we have plotted with a log scale on the y-axis.
Our results are presented in Figs. 1 and 2 (both plotted with a logarithmic scale on the y-axis), where Fig. 1
shows the branching ratio given as a function of the invariant mass of the two photons, for the case of the
neutral B-meson decay when the interference terms between the resonances and the irreducible background
have not been included. As expected, the inclusion of the interference terms gives rise to an interference
pattern near the base of the resonance peaks. Such patterns are clearly evident for the ηc resonance. However,
the η and η′ resonances being very narrow and sharp, no observable interference patterns are visible. It is
worth mentioning that imposition of suitable cuts in the spectrum to eliminate the resonance contributions will
eliminate any such interference patterns also. The numerical estimate for the branching ratio arising due to all
possible contributions is summarized in Table 1. Quite evidently, the largest contribution comes from the ηc
resonance mode and its constructive interference with the irreducible term. It should be stressed again that using
appropriate cuts in the spectrum, the resonances can be completely eliminated and what is left is the background
irreducible contribution. In estimating the numerical values for the interference terms, we have assumed that
the relative signs between the terms are such that the η-irreducible and η′-irreducible interfering contributions
add on to the other pieces. However, because of the smallness of these values, it really makes no significant
difference.
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Contribution to the B0 →K∗0γ γ branching ratio
Contribution Branching ratio ×10−7
Resonance
ηc 54
η 7× 10−2
η′ 4× 10−1
Irreducible 3
Interference
ηc-irreducible 7
η-irreducible 1× 10−3
η′-irreducible 2× 10−2
BR 64
The central values of the parameters used in our calculation are shown in Appendix A. We make an attempt
to estimate the errors creeping into the numerical calculations due to errors in various input parameters. The
theoretical uncertainties arising out of uncertainties in the parameters are overwhelmingly in the input values
of the form factors and the meson decay constants. The Wilson coefficients have been taken to be their NNL
values and there are no significant theoretical uncertainties in them. In evaluating the uncertainties of our results,
it is appropriate to evaluate them separately for the background irreducible contribution and the resonance
contributions, since the latter can easily be experimentally separated from the former by suitable cuts in the
spectrum. For the most dominant resonance contribution due to ηc, Eq. (18), the theoretical uncertainty arises
mostly because of uncertainties in the CKM parameters, fηc , Bηc and F0(mη2c ); the Wilson coefficients values used
are the NNL level values and no comparable uncertainties exist therein. The CKM parameters relevant to us have
an uncertainty of about 10% [11]. The form factors used are the same as in [9] where the actual dependence of the
form factors as a function of momentum transfer squared are given and hence no errors arise due to parametrization
of form factors as a function of q2. Although this reference does not quote any estimate of the uncertainties in the
numbers, a typical uncertainty in this type of calculation based on quark model is given in [12] and is typically
of the order of 15%, arising to a great extent due to uncertainty in the strange quark mass. The rate of the ηc
decay into two photons is uncertain by about 40% [11]. A typical estimate of the uncertainty in the value of fηc
(arising mostly again out of uncertainty in the current mass of the s-quark) has been estimated at about 15% in [13].
Combining all this, we would expect our estimate of the contribution of the ηc resonance to be uncertain by about
50%. A similar estimate for the other two resonances give a somewhat lower value mostly because their decay rates
into two photons is better known, to an accuracy of about 10% for η′ and about 5% for the η. The uncertainties
in the decay constants of the η′ and the η have been estimated to be about 10% [14] and we estimate the overall
uncertainty in our calculation for the η′ and η to be about 40 and 30%, respectively.
Turning to the irreducible contribution, the uncertainty arises mostly because of the CKM factors and the form
factors. These combine to give an overall uncertainty of about 20% for the irreducible part of the amplitude.
As stressed before, once the suitable cuts are imposed in the two photon spectrum, it is possible to extract the
irreducible contribution and here the errors are relatively smaller and are expected to even go down further with
more accurate determination of the CKM parameters and the form factors.
At the levels reached by the current B-factories, the branching ratios obtained are too low to be observed. One
certainly hopes that in the near future experiments, with better luminosities possible, the numbers obtained will be
very useful for confronting theoretical models with experimental data. As discussed in the text, this decay with two
photons depends on the parts of the effective Hamiltonian which decays with a single photon are not sensitive to
and thus provides a more complete test of the underlying theory.
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Appendix A
We list the central values of the various parameters entering our numerical estimates:
GF = 1.16× 10−5 GeV−2, α(mB)= 1130 , mb = 4.8 GeV, mt = 175 GeV,
mc = 1.5 GeV, mu = 0=md, mK∗+ = 0.89 GeV, mK∗0 = 0.896 GeV,
FBK
∗
0 = 0.3, Mpole = 6.65 GeV, Γtot(ηc)= 1.3× 10−2, mηc = 3.0 GeV,
Bηc = 2.74× 10−3 GeV−1, fηc = 0.35 GeV, Γtot(η′)= 0.203× 10−3 GeV,
mη′ = 0.96 GeV, Bη′ = 14.0× 10−3 GeV−1, fη′ = −6.3 MeV,
B(η′ → 2γ )= 2.11%, B(ηc → 2γ )= 3× 10−4.
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